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Interplanetary and deep space missions greatly benefit from the utilization of 
gravitational assists to reach their final destinations. By closely “swinging by” a 
planet, a spacecraft can gain or lose velocity or change directions without 
requiring any expenditure of propulsion. In today’s budget-driven design 
environment, gravity assist flybys reduce the need for on-board fuel and 
propulsion systems, thereby reducing overall cost, increasing payload and 
mission capacity, increasing mission life, and decreasing travel time. It is 
expected that many future missions will also be designed to swing by Jupiter in 
order to utilize a gravity assist. However, there is a risk associated with choosing 
to flyby Jupiter: increased exposure to radiation. Exposure to radiation can 
severely impact spacecraft electronic systems. Since today’s spacecraft consist of 
sophisticated circuits that operate at low voltages and currents, the effects of 
radiation have become increasingly important. Harsh radiation environments 
can have damaging effects on spacecraft electronics that may ultimately lead to 
mission failure. Historically, analysts use trapped particle environment data 
recorded from previous missions in conjunction with the planned trajectory of 
their individual mission to predict radiation exposure at Jupiter. Until now, no 
database existed that lists potential radiation exposure for a variety of possible 
Jupiter flyby trajectories. This thesis and associated tools allow radiation dose to 
be more easily determined during preliminary mission planning. Over 16,000 
potential Jupiter flyby trajectories were generated via the Program to Optimize 
Simulated Trajectories (POST).  These trajectories were then input into the 
European Space Agency’s (ESA) Space Environment Information System 
(SPENVIS) to predict the total radiation dose behind 3 mm of Aluminum 
shielding. SPENVIS is web-based software that has stored trapped particle 
models for Jupiter. Once run through SPENVIS, total flyby radiation dosage was 
stored for each trajectory, and an algorithm was developed that allows for 
interpolation and approximation of dose for cases not in the original database. 
This algorithm should be useful to future space mission designers who are 
 
 v 
looking to utilize a gravity assist at Jupiter and will allow a quick comparison of 
multiple mission scenarios with respect to flyby radiation dose. 
 
 vi 
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Interplanetary and deep space missions greatly benefit from the utilization of 
gravitational assists to reach their final destinations. By closely “swinging by” a 
planet, a spacecraft can gain or lose velocity or change directions without 
requiring any propulsion. In today’s budget-driven design environment, gravity 
assist flybys reduce the need for on-board fuel and propulsion systems, thereby 
reducing overall cost, increasing payload and mission capacity, and decreasing 
travel time. The most recent mission to utilize this benefit was NASA’s New 
Horizons spacecraft. While en route to Pluto, New Horizons received a gravity 
assist during a flyby encounter with Jupiter. The assist shortened travel time to 
Pluto by 3 years. [1] 
 
It is expected that many future missions will also be designed to swing by Jupiter 
in order to utilize a gravity assist. There is a risk associated with choosing to fly 
by Jupiter: increased exposure to radiation. Due to many factors, Jupiter has the 
most intense radiation environment in our solar system.   
 
Exposure to radiation can severely impact spacecraft electronic systems. Since 
today’s spacecraft consist of sophisticated circuits that operate at low voltages 
and currents, the effects of radiation have become increasingly important. 
Modern electronics feature advanced architectures that include smaller 
components, more intricate and multifaceted structures, and the use of heavy 
metals, all of which make today’s modern electronics more vulnerable to 
radiation-induced failures than previous systems. [2] Harsh radiation 
environments can have damaging effects on spacecraft electronics that may 




Historically, analysts have used trapped particle environment data recorded 
from previous missions in conjunction with the planned trajectory of their 
individual mission to predict radiation exposure at Jupiter. There is no database 
that lists potential radiation exposure for a variety of possible Jupiter flyby 
trajectories.  
 
Are there optimized flyby trajectories that expose spacecraft to minimal radiation 
dosages? What are these flybys a function of? Are there flyby trajectories that 
have an extraordinary risk of radiation exposure? What trajectory provides the 
best gravitational assist with the lowest radiation exposure for a given mission? 
These are the types of questions that I hope can be addressed with a database for 




Currently, there is a disjointed process for finding radiation dosage for Jupiter 
flybys. Mission planners must use many different codes and tools to find an 
estimated dosage for their desired flyby parameters. Preliminary mission 
planning would benefit from an approximation tool. The objective of this thesis 
is to develop such a tool, a quick and simple way to approximate radiation 
dosages. The idea was to enable mission planners to compare dosages for a 
plethora of flyby trajectories, rather than having to go through the detailed 







Gravity Assist Maneuvers 
  
As previously mentioned, there are many benefits of utilizing a gravity assist 
maneuver. Gravity assists reduce the need for on-board fuel and propulsion 
systems, thereby reducing overall cost, increasing payload and mission capacity, 
and decreasing travel time to final destinations. Gravity assists are accomplished 
by efficiently using the energy that can be obtained by a space vehicle during a 
planetary encounter. For a passing vehicle, the planet appears as a field of force 
moving relative to the heliocentric coordinate system. This means work will be 
done on the spacecraft. Depending on the geometry of the flyby, the spacecraft 
can experience either an increase or decrease in its heliocentric energy. [3] 
 
Early Work and Discovery  
 
During early space missions, gravity assist techniques did not exist. However, in 
1961, a 25-year-old mathematics graduate named Michael Minovitch decided to 
take on the hardest problem in orbital mechanics: the three-body problem. The 
three bodies refer to the sun, a planet and a third object. The problem was 
predicting how the Sun and planet would influence the third object’s trajectory. 
Astronomers had been studying the three-body problem for over 300 years to no 
avail. In 1961, the fastest computer on Earth was IBM’s 7090. Using this 
computer, Minovitch coded a set of equations to apply to the problem. During an 
internship at NASA’s Jet Propulsion Laboratory (JPL), he fed data on planetary 
orbits into his model and achieved an extraordinary breakthrough. Minovitch 
had shown that as a spacecraft flew close to a planet that orbited the sun, that 
spacecraft could be accelerated away from the sun without the use of a 
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propulsion system. However, with the distraction of Project Apollo, no one at 
NASA noticed Minovitch’s breakthrough. [4] 
 
Later, in 1964, another JPL intern named Gary Flandro began to look at whether 
the solution to the three-body problem could be put to practical use in exploring 
the outer planets. [4] He discovered a rare geometric alignment of the outer 
planets that occurs every 176 years. He conceived the “grand tour” multi-planet 
mission utilizing a gravity assist technique that would reduce flight duration 
from 40 years down to less than ten years. His work led to the success of the 
Voyager missions. Later, in 1965, Flandro studied gravity assist trajectories to 
Pluto; these trajectories were the basis for the New Horizons mission which flew 
by Pluto in July 2015. [5] 
 
Utilizing Energy Derived from the Gravitational Field of Jupiter  
 
Gary Flandro published a paper in 1966 that outlined his methodology for a 
Jupiter gravity assist maneuver. [3] Figure 1 explains the flyby process. [6] The 
variables are defined as follows:  
 
 𝑉! : pre-flyby heliocentric velocity vector of the spacecraft 
 𝑉!: post-flyby heliocentric velocity vector of the spacecraft.  
 𝑉!! : pre-flyby velocity vector of the spacecraft relative to the planet  
 𝑉!! : post-flyby velocity vector of the spacecraft relative to the planet 





Figure 1.  Flyby encounter hyperbola [3] 
 
 























2 [𝑉! ⋅ 𝑉! − 𝑉! ⋅ 𝑉!] 
(3) 
 
Noting the geometric relations from Figure 1:  
 
 𝑉!! = 𝑉! − 𝑉! 
𝑉!! = 𝑉! − 𝑉! 
(4) 
 
Assuming constant spacecraft mass and no propulsion maneuvers completed 
during the flyby, energy is conserved relative to the planet. This means: 
 
 𝑉!! = 𝑉!! ≡ 𝑉! (5) 
 
where 𝑉! is the hyperbolic excess speed of the spacecraft relative to the planet. 
The resultant change in energy can now be written as:  
 
 ∆𝐸 = 𝑉! ∙ (𝑉!! − 𝑉!!) (6) 
 
Finally, the geometric properties of the energy equation can be clarified as 
follows: 
 𝑉! = 𝑣!𝑃 
𝑉!! = 𝑣!𝐼 





where 𝑣! is the speed of the planet and 𝑣! is the hyperbolic excess speed of the 
spacecraft relative to the planet; 𝑃, 𝐼 and 𝑂 are the unit vectors in the directions of 
the planet’s velocity, incoming spacecraft velocity and outgoing spacecraft 
velocity, respectively. The energy equation then becomes:  
 




It is convenient to write the equation in the form: 
 ∆𝐸 = 𝑓𝐸∗ (11) 
 
The coefficient 𝑓 is known as the energy change index and represents a number 
between -1 and 1 that determines the magnitude and sign of energy change 








The characteristic energy, 𝐸∗, is defined as:  
 
 𝐸∗ = 2𝑣!𝑣! (13) 
 
𝐸∗ is the maximum energy increase obtainable for a given spacecraft velocity and 
planet. This maximum value is unobtainable because it requires a deflection 
angle of 180° which requires the space vehicle to travel directly through the 
planet. The maximum value of 𝐸∗ for a given hyperbolic excess speed depends 
on the velocity of the chosen planet for a gravity assist. Due to Mercury’s 
closeness to the sun and its high heliocentric velocity, a flyby of the swift planet 
would result in the maximum value of 𝐸∗ for any given hyperbolic excess speed. 
This is shown in figure 2. [3] 
 
The maximum value of the energy change index (𝑓) depends on the ability of the 
selected planet to deflect the spacecraft’s trajectory. The magnitude of the 
deflection angle (Ψ) is a function of: the gravitational constant of the planet (𝜇), 
















the distance of closest approach (𝑑). It can be defined as:  
Ψ = 2 sin!! 1+
𝑣!!




The maximum allowable deflection angle (Ψ!"#) occurs when the flight path just 
grazes the radius of the planet (𝑅!).  In this case, 𝑅! is equal to the equatorial 
radius of the planet’s mantle and atmosphere in addition to a reasonable error 
contingency. The maximum allowable deflection angle can be written as:  
 





Figure 3 shows plots of Ψ!"# versus hyperbolic excess velocity for all planets of 
the solar system. As expected, Jupiter is capable of the largest flight path 
deflection due to its large mass.  
 
In order to assess the abilities of planets to influence the trajectories of spacecraft, 
one must compare the maximum change in energy versus hyperbolic excess 
speed for each planet. This is shown in Figure 4. One might assume that Jupiter 
is capable of producing the largest energy change simply due to its size. 
However, that is not the case. As seen in the chart, for low hyperbolic excess 
speeds (𝑣!< 10 km/sec) the smaller and faster inner planets can produce larger 
changes in energy. This is due to the high heliocentric speed of the planets that 
are closest to the Sun. At higher hyperbolic excess speeds, massive planets are 
able to change the trajectory by a larger deflection angle than smaller planets. 
This can be exploited by planning a flyby with a higher energy change index (𝑓) 























Utilizing Jupiter Gravity Assist to Reach Trans-Neptunian Objects 
 
A series of five papers and a poster has recently been published which survey 
mission opportunities to trans-Neptunian objects (TNO). [7] [8] [9] [10] [11] [12] 
Because of their great distance from the Sun, trans-Neptunian objects are 
believed to obtain characteristics that may offer clues to the formation and early 
beginnings of the solar system. Therefore, these objects would be worthwhile 
candidates for exploration missions. [7]  
 
In the first paper, a trajectory analysis was performed. Initially, the process 
consisted of researching prior missions including: Voyager 1 and 2, Pioneer 9 and 
10, Galileo, Cassini and New Horizons. Multi-planet flybys were considered, 
similar to the trajectories used by Voyager and Cassini. Single planet flybys of 
Jupiter and Saturn were also considered. [7] 
 
Trajectory analysis for a mission to TNO Quaoar was performed first. Using a 
multi-planet flyby trajectory, the best result was a Venus-Venus-Jupiter Gravity 
Assist (VVJGA). This resulted in a total delta-V of 9.04 km/s and a time of flight 
(TOF) of 19.5 years (departing in February of 2025). These results compared 
poorly with the achievements of New Horizons – a total delta-V requirement of 
8.92 km/s and 9.49 years TOF. Therefore, single planet flyby trajectories were 
studied next. Utilizing Saturn for a gravity assist resulted in a delta-V 
requirement of greater than 9.5 km/s and a TOF of 13.5 years for departure dates 
ranging from 2015 to 2040. However, Jupiter flybys produced significantly better 
results. For example one trajectory considered, resulted in a delta-V requirement 
of 7.15 km/s and a TOF of 13.57 years (launch date: November 22, 2027). The 
data shows that a Jovian gravity assist architecture was not only optimal for New 
Horizons mission but also very likely the optimal architecture for any mission to 




The second paper examined orbital capture of a space vehicle upon arrival at 
several TNOs: Huya, Ixion, Orcus, Rhadamanthus, Salacia, Sedna, and Varuna. 
The primary focus was on high-thrust trajectory missions. Orbital capture results 
in a higher potential for scientific return than a flyby of a TNO. All trajectories 
considered utilized a gravity assist flyby at Jupiter. A driving factor for launch 
dates was based upon the orbital period of Jupiter. Launch opportunities 
occurred about every twelve years when Jupiter properly aligns with the selected 
TNO. For orbital capture to be feasible, earth departure characteristic energy (C3) 
was restricted to 120 km2/s2. This allows for a larger payload mass and also a 
lower arrival V∞ which is necessary for orbital capture. In this paper, the 
minimum allowable Jupiter periapse radius was set to 1.1 Jovian radii. High-
thrust trajectories were examined using the Mission Analysis Environment 
(MAnE). [13] Figure 5 shows how time of flight influences C3, v∞ at arrival at the 
TNO and Jupiter periapsis radius. The longer time of flight means that less delta-
V is required from the Jupiter flyby, allowing for a more distant flyby and 
ultimately less radiation exposure. [9]  
 
 
Figure 5. Jupiter Flyby Radius and Arrival V∞ vs. Time of Flight for a launch to Salacia on 26 




The third paper examined mission opportunities to TNOs with a focus on low-
thrust trajectories as well as the radiation analysis during Jupiter flybys of high-
thrust trajectories. Flight paths were evaluated using MAnE and Heliocentric 
Interplanetary Low-Thrust Optimization Program (HILTOP). [14] Radiation 
environment analysis was performed on missions to Sedna, Quaoar and 
Makemake using the same steps, which will be later outlined in this thesis. The 
resulting dose depth curves are found in Figure 6. The details of the mission 
trajectories analyzed are listed in Table 1. [10]  
 
The fourth paper extends the previous work with a more detailed analysis of the 
Jovian radiation environment during a gravity assist flyby. Dose-depth curves 
were calculated for both high and low-thrust missions to TNO Huya, as well as 
the Voyager 1 and 2 missions. Results are shown in Figure 7. [11] 
 
Figure 8 shows a comparison of silicon radiation doses behind 5 mm of 
aluminum shielding as a function of transit time to TNO targets Quaoar, Huya 
and Haumea. While no significant advantage is seen for a high or low-thrust 
mission, it is apparent that radiation is more severe for faster transit times. Faster 
transit times require the spacecraft to fly closer to Jupiter, thereby exposing the 
vehicle to greater amounts of radiation. A detailed look at Jupiter flyby radius vs 
transit times can be seen in Figures 9 and 10 for TNO targets Huya and Quaoar, 












Figure 6. Radiation Dose-Depth curves for several potential missions. The “radiation cutoff” is at 











Figure 7. Jovian flyby radiation environment for a 2026 departure to Huya with Voyager flyby 
radiation for comparison. The “radiation cutoff” is at a level commonly used as an allowable 




Figure 8. Radiation dose behind 5 mm of aluminum shielding for low and high thrust missions to 
Huya, Quaoar and Haumea [11] 
 
 
Figure 9. Arrival hyperbolic excess speed at the target and Jupiter flyby radius as a function of 







Figure 10. Arrival hyperbolic excess speed at the target and Jupiter flyby radius as a function of 























HISTORICAL JUPITER FLYBYS 
 
To date, there have been seven different spacecraft that have flown by Jupiter.  
Each of these missions faced challenges due to the planet’s harsh radiation 
environment. Below is a summary of each spacecraft’s journey to deep space. 
Pioneer 
 
The Pioneer program began in 1957 when the government authorized the 
launching of small unmanned spacecraft towards the moon. Several Pioneer 
spacecraft were launched for exploration purposes. In 1968, the Space Science 
Board of the National Academy of Sciences stated that Jupiter would be the most 
interesting planet to study and that it was now technically feasible to send a 
spacecraft to study it. The Board recommended that two exploratory probes in 
the Pioneer class be launched towards Jupiter. Several scientific papers were 
presented about exploration to the outer planets, including information 
regarding utilizing gravity assists. NASA completed studies that showed that the 
gravitational field of Jupiter could accelerate spacecraft to speeds that would 
enable them to travel to the outer planets. This study recommended that two 
spacecraft be launched towards Jupiter in 1972 and 1973: Pioneer 10 and 11. The 
idea was that when each spacecraft flew by Jupiter it would obtain enough 
additional energy to carry it outside the solar system. Additionally, the probes 
would be equipped to collect data on the Jovian radiation environment. Figure 11 





Figure 11. Sun-centered trajectories of Pioneer 10 and 11. [15] 
 
Pioneer 10 
Pioneer 10 was launched on 2 March 1972 with a primary mission to study 
Jupiter’s atmosphere, magnetosphere and satellites.  The spacecraft flew by 
Jupiter with a periapsis altitude of 1.86 Jovian radii (Rj) or 132,804 km (1 Rj = 
71,400 km) in December 1973. The encounter trajectory was chosen to provide 
the maximum information about the radiation environment of Jupiter to smallest 
feasible radial distance. This decision was made knowing that the risk of 
radiation damage could end the mission at Jupiter. Scientists wanted to know 
how closely a spacecraft could safely approach Jupiter in order to take advantage 
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of the gravity slingshot effect without damaging the spacecraft’s electrical and 
optical equipment. Answering this question was one of the primary objectives of 
the mission.[15] The spacecraft received a huge gravitational assist from the 
flyby, with a total velocity gain of 12.6 km/s. Upon arrival at Jupiter, the 
heliocentric velocity of Pioneer 10 was 9.8 km/sec. After the flyby, the 
spacecraft’s heliocentric velocity had jumped to 22.4 km/s.  [16]  
 
Pioneer 10 was the first spacecraft to travel through the Asteroid Belt and also 
the first to observe an outer plant. During the Jupiter flyby, Pioneer 10 obtained 
the first-ever close-up image and discovered that Jupiter is a liquid planet. The 
radiation effects of Jupiter caused some bit flips on the system, resulting in some 
data and images being lost. After the flyby, the spacecraft went on to explore the 
outer regions of the solar system. [15]  
Pioneer 11 
Pioneer 11 was launched on 5 April 1973 with a mission to study the interiors, 
atmospheres, moons and rings of both Jupiter and Saturn. The spacecraft flew by 
Jupiter at a periapsis altitude of 42,840 km (0.6 RJ) on 2 December 1974. The 
trajectory was highly inclined (51.8 degrees) to the Jovian equator. The spacecraft 
returned approximately 460 images of Jupiter and its Galilean satellites from 18 
November  through 9 December 1974. A day before periapsis, a malfunction 
caused by radiation affected the telescope on board. Some images were lost 
before a workaround could be put in place. For planetary astronomers, the image 
of the Great Red Spot of Jupiter was one of Pioneer 11’s most exciting results. 
Previously, the highest resolution image of the Great Red Spot taken by Pioneer 
10 was degraded due to radiation problems. [15]  
Voyager 
 
In 1964, Dr. Gary Flandro discovered a rare geometric alignment of the outer 
planets that occurs every 175 years. He conceived the Grand Tour multi-planet 
mission utilizing a gravity assist technique that would reduce flight durations 
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from 40 years down to less than 10 years. His work led to the success of the 
Voyager missions. Later, in 1965, Dr. Flandro studied gravity assist trajectories to 
Pluto, these trajectories were the basis for the New Horizons mission, which flew 
by Pluto in July 2015. [5]   
 
Together, Voyager 1 and 2 took more than 33,000 pictures of Jupiter and its five 
major satellites. Discovery of active volcanism on the satellite Io was the greatest 
unexpected finding. It was the first time active volcanoes had been seen on 
another body in our solar system. [17] Figure 12 shows a heliocentric view of 
both Voyager trajectories. [18] 
 
Voyager 1 
Voyager 1 launched on 5 September 1977 with a mission to study Jupiter and 
Saturn. Voyager 1 reached its closest approach to Jupiter on 5 March 1979 at an 
altitude of 276,807 km. [17] Figure 13 shows the heliocentric speed of Voyager 1 
during the Jupiter flyby, with the max speed obviously occurring at periapsis. As 
one can see in the chart, there was a heliocentric velocity gain of 10.8 km/s. [19] 
Voyager 1 is currently in “interstellar space.”  
 
Voyager 2 
Voyager 2 launched on 20 August 1977, also with a mission also to study Jupiter 
and Saturn. Voyager 2 reached its closest approach to Jupiter on 9 July 1979 at an 
altitude of 650,270 km. Figure 14 shows the heliocentric velocity of Voyager 2 as 
it traveled through the solar system. One can see the increase in velocity caused 
by each planetary flyby. The flyby at Jupiter resulted in a 12 km/s velocity gain. 
[19] Voyager 2 went on to explore Uranus and Neptune and is still the only 
spacecraft to have visited these outer planets. Voyager 2 is currently in the 
“Heliosheath” – the outer layer of the heliosphere where the solar wind is slowed 





Figure 12. Heliocentric view of Voyager trajectories [18] 
 
 
































Ulysses launched on 6 October 1990 as a joint mission between ESA and NASA. 
The primary objective was to study the inner heliopshere in three dimensions. 
The primary purpose of its Jupiter flyby was not to achieve an increase in 
velocity (like Voyager) but rather to achieve a significant change in heliocentric 
inclination. The goal of the gravity assist was to place Ulysses in its final 
heliocentric out-of-ecliptic orbit in order to pass over the poles of the Sun. [21] 
Post JGA, the flight path of Ulysses was bent 80 degrees southward from the 
heliocentric ecliptic plane. [22] The mission profile of Ulysses is displayed in 
Figure 15. The spacecraft reached its closest approach with Jupiter on 8 February 
1992 at a periapsis altitude of 6.3 Rj (379,134 km). The inbound trajectory was 
similar to the missions before it, however Ulysses reached high latitudes of ~40 
degrees north of the Jovian equator during periapsis. This is displayed in Figure 
16. Another unique aspect of the trajectory was the journey through the Io 
Plasma Torus (IPT). The opportunity to study Jupiter’s magnetosphere was 
utilized and observations confirmed and complemented the findings of the 




Cassini launched on 15 October 1997 with a primary mission to explore the 
Saturn System. Cassini’s flyby of Jupiter occurred on 30 December 2000 at an 
altitude of 136 Rj (9,721,846 km) and provided the final push to get the spacecraft 
to Saturn. The Galileo orbital mission was ongoing during the flyby and 
presented a unique opportunity – to study Jupiter simultaneously with two 
different spacecraft. [24] Figure 17 outlines the mission trajectory; the primary 
purpose of the Jupiter flyby was to provide Cassini with a final boost to Saturn. 
[25] Cassini’s heliocentric velocity before the Jupiter gravity assist was 11.6 km/s 





Figure 15. Profile of the Ulysses mission as represented by the trajectory. The trajectory consists 
of two ellipses, one that carried the spacecraft from the Earth to Jupiter and the other highly 



































New Horizons is a NASA mission that provided the first-ever reconnaissance of 
Pluto and its moons. The spacecraft launched on 19 January 2006 and reached 
Pluto on 14 July 2015. New Horizons received a gravity assist during a flyby of 
Jupiter on 28 Feb 2007 with a periapsis radius of 32 Rj (2,237,152 km). During its 
flyby of Jupiter, New Horizons became the first spacecraft to cross the Jovian 
magnetotail. [1] More information about New Horizon’s trip down the 
magnetotail will be discussed in Chapter IV. New Horizons is currently 
exploring the Kuiper belt.   
 
Figure 18 shows the interplanetary trajectory of New Horizons. The purpose of 
the flyby at Jupiter was to inject a speed boost necessary for the spacecraft to 
reach Pluto. Figure 19 shows the heliocentric speed of the spacecraft versus its 
distance from the Sun. One can see that the highest heliocentric speed is at the 
beginning when the spacecraft is launched into its trajectory. The speed 
decreases until it reaches Jupiter, where a velocity gain of 3.83 km/s occurs. After 
the JGA, the spacecraft speed steadily decreases. During the Pluto flyby, there is 
a small gravity assist but the magnitude is minimal and is not visible in Figure 
18. [27] 
 
Summary of Missions 
 






































Pioneer 10 Dec 
1973 
132,804 km 12.7 km/s Jupiter 
 
Pioneer 11 Dec 
1974 
42,840 km ---- Asteroid belt/Jupiter, 
Saturn, Solar winds, 
cosmic rays 
Voyager 1 Mar 
1979 

























JOVIAN RADIATION ENVIRONMENT 
        
In order for a radiation belt to form around a planet, it must have a magnetic 
field. The magnetic field deflects charged particles that are traveling to the planet 
via solar winds (a stream of ionized particles constantly departing the sun). This 
creates a cavity that protects the planet against the harsh environment of particle 
radiation. Mercury, Earth and each of the four gas planets (Jupiter, Saturn, 
Uranus and Neptune) all have magnetospheres. [28] Venus and Mars are the 
only planets with almost a nonexistent magnetic field and therefore, no radiation 
belt. [28] 
 
Jupiter is roughly 10 times larger than Earth in radius, but it’s magnetic moment 
is 10^5 times larger. Since, at the equator, the magnetic field is approximately 
proportional to the magnetic moment divided by the cube of the planet’s radius, 




A magnetosphere is a field of influence around a planet where the forces of the 
magnetic field of that planet are strong enough to divert solar wind. This creates 
a space of hot plasma derived from either the solar wind or the planet. To 
maintain a magnetosphere, three components are required: a magnetic field that 
can divert solar wind, a source of plasma and a source of energy. There are two 
types of magnetospheres: solar-wind driven and rotationally driven. The Earth is 
an example of a solar-wind driven magnetosphere; plasma and energy are 
derived mainly from the solar wind. Jupiter’s magnetosphere is a rotationally 
driven magnetosphere; the bulk of the energy is derived from the planet’s 





Jupiter’s intense magnetic field and fast rotational period (approximately 9 hours 
and 55 minutes) create an enormous magnetosphere. Jupiter’s magnetosphere 
differs from most other magnetospheres since it derives most of its plasma from 
Jupiter’s moon Io. It is estimated the plasma torus created by Io is located 
between the radial distances of 5.2 to 10 Rj and contains several million tons of 
plasma. [30] Figure 20 depicts the magnetosphere of Jupiter.  
 
 




The magnetosphere of a planet is compacted on the side nearest the sun, and it is 
immensely stretched on the farthest side, forming a region known as a 
magnetotail. Since Jupiter’s magnetic field is the largest in our solar system, so is 
its magnetotail. The tail extends away from the sun and reaches farther than 
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Saturn’s orbit, as seen in Figure 21. It was measured to be at least 500 million km 
anti-sunward from Jupiter during Voyager 2’s trip to Saturn. [32] 
 
 
Figure 21. Heliocentric view of Jupiter’s magnetosphere and the flight path of Pioneer 10 [31] 
 
In 2007, the New Horizons spacecraft crossed the magnetotail of Jupiter while on 
its way to Pluto. Previous missions to Jupiter have revealed that Io is the most 
significant factor in the development of the Jovian magnetosphere. Io produces 
about 1 metric ton of sulfur dioxide (SO2) per second. The sulfur dioxide 
material is partially ionized and partially transported into the magnetosphere of 
Jupiter. Magnetic field lines are therefore loaded with S and O ions that form a 
plasma disk around Jupiter. The disk wobbles with every rotation of Jupiter and 
stretches as it is loaded with more and more ions. As it is loaded, it reaches a 
limit. Once this limit is reached, plasma is released into the magnetotail in the 
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form of a magnetic bubble called a plasmoid. This is depicted in Figure 22 below. 
The solar wind collides with the magnetic field of Jupiter (represented by the red 
dot) and creates a bow shock. A magnetosheath is formed around the planet as 
well as an extended magnetotail. Plasma from the moon Io (orbit is displayed as 
blue arrows) and from other sources is ejected down the tail. The magnetic 
boundary between the planet’s magnetic field and the solar wind is called the 
magnetopause.  [28] 
 
 
Figure 22. Jupiter's plasma environment and the trajectory of New Horizons spacecraft. [28]  
 
New Horizons followed a nearly ideal trajectory for magnetotail observations 
and revealed many surprises. Figure 23 shows the plasma observations from just 
after New Horizon’s inbound crossing of Jupiter’s magnetopause on day of year 
(DOY) 56 through the closest approach (~32 Rj) and back down the magnetotail 
to DOY 170. This diagram shows the plasma disk near Jupiter and notional large 
plasmoids (colored) moving down the tail between 200 and 2500 R. It also was 
discovered that plasmoids are not only filled with S and O ions from Io but H3+ 






























Radiation Effects on Spacecraft Electronics 
 
Due to the harsh radiation environment of space, space vehicle electronics have a 
history of power resets, system failures and entering into safe mode. All 
spacecraft are vulnerable to the effects of radiation. There are two ways that 
radiation can do harm: Single Event Effects (SEE) or Total Ionizing Dose (TID). 
SEEs are cause by one single energetic particle while TID is a measure of how 
much radiation the electronic systems have received over the spacecraft’s 
lifetime. To protect electronic systems, several safeguards may be used including 
shielding and redundant parts/configurations. [33] 
 
Jovian Trapped Particle Environment  
 
The Jovian trapped particle environment is much higher in energy and flux 
density than any other planets in our solar system. Trapped particles are about 
ten times more energetic than particles found in Earth’s radiation belts. [34] The 
intensity of Jovian radiation belts is therefore also greater than other planets in 
our solar system. Divine and Garret used particle measurements from Pioneer 10 
& 11 and Voyager 1 & 2 to develop the first Jupiter trapped radiation 
environment model. This model is named the Divine and Garrett Model 
(D&G83). [29] It will be discussed again in Chapter V, Methodology. Later, 
Garrett developed an updated electron model based on Galileo measurements 
and previous Pioneer measurements. This model is called Galileo Interim 
Electron Environment (GIRE) and will also be discussed in further detail in 
Chapter V, Methodology. [35] 
 
The most dominant trapped particles at Jupiter are electrons with energy (E) in 
the 1 > E > 100 MeV range. Electrons can contribute to spacecraft surface 
charging and damaging arcing. Electrons also can contribute to ionizing doses 
through direct energy deposition. Protons are the main contributors to ionizing 
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doses and are the leading cause of single-event upsets (SEU). SEUs appear as a 
soft error on spacecraft and non-destructive. They usually appear as bit flips or 
as other types of errors in the downlinked telemetry. [34] The figures below 
represent the Jovian equatorial and longitudinal proton and electron fields using 
the GIRE 2003 model. 
 
Figure 24 shows the equatorial plane proton (left) and electron (right) flux in 
units of log10(cm2s)−1. Figure 25 shows the longitudinal plane proton (left) and 
electron (right) flux in units of log10(cm2s)−1. In both figures, the black dots 
represent the orbits of the Jovian moons Io, Europa, Ganymede, and Callisto 
(from smallest orbit to largest). Rj is the radius of Jupiter, which is equal to 71,400 
km. [29] 
 
From these figures, one can see that the proton field is limited to the two 
innermost most moons of Jupiter, Io and Europa. However the electron field 
extends far beyond the fourth moon, Callisto, and down the magnetotail. One 
can also see that both the proton and electron fields are asymmetrical in the 
equatorial plane (along 120 E and 210 E longitudes). [29] Additionally, both the 
proton and electron fields are somewhat flattened in the longitudinal plane. This 
is why flybys with high inclination will receive lower doses of radiation. [10] 
 








































The idea behind this thesis is to build a database that can be quickly used to 
estimate radiation dosages encountered during a Jupiter flyby. Flyby trajectories 
from previous missions were used as a guideline to choose bounds for building 
the database. Dosage as a function of four parameters was studied: inclination 
(inc), longitude of the ascending node (LAN), energy and altitude at periapsis 
(AltP). Argument of periapsis (ArgP) was briefly evaluated in one case but will 
require future investigation.  
Software 
POST  
The first step in the process was to populate the desired flyby trajectories with 
varying parameters as listed above. To achieve this, NASA’s Program to 
Optimize Simulated Trajectories (POST) was utilized. It provides the capability 
to optimize and target trajectories for space vehicles near an arbitrary planet. [36] 
POST is a highly validated, industry standard code for trajectory calculations. A 
script was written in MATLAB to automate the various parameter input values 
to be run. POST was used to generate a total of 16,416 flyby trajectories, showing 
three-dimensional position versus time (with a time step of 10 seconds). The 
output trajectories were saved in the format of text files for further analysis. The 
parameters used during the runs are listed in Table 3.  
 
These parameters were chosen for various reasons. Initial inclination was 
bounded between 0° -90°. The range from 90°-180° was not considered, since one 
can assume it would be a mirror image. Initial LAN was not bounded; values 
between 0° to 360° were represented. Energy was chosen based on a range of 
realistic V∞ values: 5.66 km/s to 16.5 km/s. Altitude at Periapsis was selected 
based on values from previous missions ranging from 1.43 Rj to 25.75 Rj. 
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The next step in analysis was to utilize the European Space Agency’s (ESA) Space 
Environment Information System (SPENVIS). SPENVIS is a web interface to 
models of space environment and its effects, including radiation belts and 
plasmas. Model packages of Earth, Mars and Jupiter are available. [37] In order 
to calculate the predicted radiation dosage for each trajectory, the time and 
position information produced via POST for all 16,416 flyby trajectories were run 
through SPENVIS. The following trapped particle models for Jupiter were 
utilized: The Galileo Interim Electron Environment (GIRE) and the Divine and 
Garrett Model (D&G83).  
 
D&G83: Proton & Electron Model 
 
The Divine and Garrett model is based on data collected by Pioneer, Voyager 
and Earth-based observations. Electrons are represented from the surface of the 
planet to the tail of the magnetosphere, while protons are represented from the 
surface to approximately 12 Rj. [38] 
 
GIRE: Electron Model 
 
The Galileo Interim Electron Environment model was developed using data from 




SHIELDOSE-2 calculates space-shielding radiation doses. For given electron and 
proton particles encountered by a spacecraft, SHIELDOSE-2 determines the 
absorbed dose as a function of depth in aluminum shielding material. For the 
cases in this study, the chosen geometry was a solid sphere, with dose as a 
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function of sphere radius. The target material is silicon and the shielding material 
is aluminum. Radiation is from all directions. The geometry is illustrated in 
Figure 26. Results are listed as silicon dose in rads as a function of energy for 




Figure 26. Geometry of absorbed dose as function of depth in aluminum shielding material. [39]  
 
Development of Database and Estimation Tool 
 
Once the desired trajectories were created in POST, they were run through a 
series of steps via SPENVIS. This ensured that the D&G83 and GIRE models 
were applied to the trajectories. Finally, the SHIELDOSE-2 analysis resulted in 
radiation dosages at a depth of 3 mm of aluminum. These values were saved for 
each trajectory. A database of radiation dosages for varying trajectories was 
established in Excel.  
 
An estimation tool was created in order to estimate flyby radiation of trajectories 
that are not currently listed in the database. The tool uses multi-linear 
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interpolation and Excel’s “look up table” function to predict the radiation. 
































RESULTS AND DISCUSSION 
Database  
The main product of this thesis is an Excel based database that can be used for 
the rapid approximation of spacecraft radiation during a Jupiter flyby. A 
screenshot of the finished product is shown in Figure 27. There are two options 
to approximate radiation dosage. First, the user may select their desired flyby 
parameters from a drop down list of pre-determined initial conditions. These 
values are listed in Table 3. The resulting predicted spacecraft radiation will be 
displayed instantly and will be as accurate as completing all the time intensive 
steps involved in the original process. 
 
If the user has already selected their own flyby parameters and is interested in a 
rapid approximation, they may utilize the second option, which is the database 
estimation tool. This allows the user to input any parameters within the range of 
values listed in Table 3. The resulting predicted spacecraft radiation will be 
displayed instantly. The accuracy of these results are discussed in the next 
section.  
Database Estimation Tool Accuracy 
 
To determine the accuracy of the database estimation tool, a sample of 144 
randomized Jupiter flyby trajectories was populated. Table 4 lists the flyby 
parameters for the comparison cases chosen to check the tool accuracy. The range 
of parameters was chosen in order to cover the full range of predicted radiation 
dosages. The dosages were populated via two methodologies: the original time 
intensive method and using the newly developed database estimation tool. The 





Figure 27. Screenshot of the database for rapid approximation of spacecraft radiation during a 
Jupiter flyby  
 
 

































Figure 28 shows the direct correlation between the original method and the 
database estimation tool. The graph shows that the relationship is almost linear, 
with accuracy improving as dosage increases. Flyby trajectories with a dosage of 
less than 10 rad were considered but resulted in an increased error. Accuracy at 
such low doses is unreliable; therefore application of the tool is limited to doses 
above 10 rad.  
 
Figure 28. Original methodology vs Database Estimation Tool Predicted Doses 
 
Figure 29 shows percent error for dosages greater than 1000 rad. The figure 
shows that percent error is generally lower for high dose cases. It also shows that 
the database estimation tool makes conservative estimates of the dosages for low 
dose cases (over prediction) and non-conservative estimates for high dose cases 

























































Historical Radiation Doses 
 
True radiation dose data for Jupiter flybys is limited. Dosage at a depth of 3 mm 
of aluminum has been published for both Pioneer 10 & 11 and Ulysses. Table 5 
shows the observed dosages for Pioneer 10 and Ulysses versus the predicated 
doses using both methodologies. [40] [41] Dosage data for all other Jovian flybys 
is either missing or restricted to the public. Pioneer 11 had an altitude at 
periapsis of 42,840 km, which is considerably closer than the small periapsis 
altitude in the database of 100,000 km. This means approximating radiation for 
Pioneer 11 involves extrapolating rather than interpolating and cannot be 
predicted using the database estimation tool.   
 
Table 5. Observed radiation dosages at 3 mm aluminum versus predicted radiation doses at 3 













Pioneer 10 280 krad 179.4 krad 152.9 krad 
Pioneer 11 120 krad 68.72 krad ----- 







CONCLUSIONS AND RECOMMENDATIONS 
 
Effects of Each Jovian Flyby Parameter 
 
During the development of the database, in order to keep the total number of 
cases reasonable, the influence of argument of periapsis on radiation dosages 
was not considered. I believed this to be justifiable since I expected the argument 
of periapsis to influence the dosage less strongly than some of the other 
trajectory characteristics such as periapsis altitude and inclination. In an attempt 
to determine if this was a reasonable assumption, the effect of argument of 
periapsis was examined for four different cases.  For each trajectory, a quick look 
at the effects of argument of periapsis was examined. While holding inclination, 
longitude of the ascending node, energy, and altitude of periapsis constant, 
trajectories and corresponding dosages were populated for the full range of 
possibilities for argument of periapsis. The resulting predicted radiation dosages 
were populated using the original methodology – utilizing both POST and 
SPENVIS. Cases were strategically chosen in order to show a full range of 
predicted radiation dosage results. Case parameters are listed in Table 6.  
Figure 30 shows the results. One can see that dosages have peaks for trajectories 
with low periapsis altitudes. The database was developed using a constant 
argument of periapsis value of 295.5 degrees, which falls approximately in the 
middle range of dosage values for all cases. Future work should include an 

















Case 1* 45 310 451 100,000 
Case 2 5 190 120.1 400,000 
Case 3 20 30 28.1 100,000 
Case 4 60 30 91.1 800,000 



































The range in predicted dosage for varying values for argument of periapsis is 
fairly small (maximum variation in dose of 120%) especially when compared to 
effects of varying other parameters. Figures 30-33 show the impact of varying 
each of the other parameters while holding all other values constant. The same 


































Figure 32. Inclination vs radiation dose 
 
 






































































































It is easy to see that altitude at periapsis has the greatest impact on radiation. 
Variations in dosages range up to a staggering 15,000%. Low periapsis altitudes 
result in higher radiation dosages. This correlation is intuitive since the Jovian 
trapped particle environment is most dense closest to the planet (see Figure 24). 
Inclination has the second greatest impact, with variations in dosages ranging up 
to 167%. Lower inclinations result in higher radiation dosages; this correlation 
can be easily explained since the particles in the Jovian longitudinal plane are 
somewhat squashed (see Figure 25). Longitude of the ascending node has a 
relatively small impact on radiation dosages, with variations ranging up to 68%. 
Finally, energy has the smallest impact on radiation dosages, with the greatest 
variation in dosage of 21%. Higher energies result in a slightly smaller radiation 
dose, since faster velocities mean there is less time that the spacecraft is exposed 
to Jupiter’s radiation belts.  
 
From these comparisons, one can see that the effects of argument of periapsis are 
approximately equal to inclination and longitude of the ascending node (at least 
for the cases considered). One can also conclude that argument of periapsis is 




Currently, there has been a discussion to incorporate the database estimation tool 
into the Mission Analysis Environment (MAnE) software. MAnE is a system of 
software used by space mission designers to support the analysis and 
optimization of multiple-leg, heliocentric missions which utilized conventional 
high-thrust propulsion. [42] Incorporating a Jovian flyby radiation component to 
the software would help streamline the decision making process for mission 
designers as they evaluate potential trajectories for deep space missions.  
 
The finding that argument of periapsis may perhaps be more important than 
energy merits future work. It would be of value to add the fifth flyby parameter 
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to the database. Additionally, increasing the quantity and range of flyby 
parameters to the database would improve utility and accuracy.  
 
It would also be advantageous to complete a more comprehensive error analysis, 
similar to the work shown in Figures 28 and 29 using more comparison cases. By 
looking a the 144 cases run so far, it seems like a multiplier might be used to 
make the predicted results better. A “correction factor” could be applied which 
would improve the results seen in Figure 28. Finally, we plan to put the database 
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